Abstract: Some decades ago the concept of flood hazard in the Carpathian Basin was interpreted solely as riverine flood hazard, mostly restricted to the Tisza and Danube Rivers, and was closely associated with the impacts of river flow regulation in the second half of the 19th century. Recent assessments, however, allow us to outline a more diverse picture. Climate change is predicted to bring about both an increase in the frequency of droughts and excessive rainfall events, resulting in irregulaties in the water regimes of rivers in Hungary. Excess water hazard from raised groundwater levels is found to affect much larger areas than previously thought. Recent strongly localized cloudbursts, point to the increasing significance of flash floods.Riverine flooding and excess water hazard are more common in lowlands, whereas flash flood hazards are primarily, but not exclusively, affect the mountainous and hilly regions of the country. This paper intends to assess the relative importance of the three types of inundation hazard analyzed and to illustrate their overall spatial occurrences by microregions on a map series.
Introduction
Time and time again repeated inundations (like the events in the late spring of 2010) remind the public of the fact that the main environmental hazard in Hungary is flooding. Traditionally, flood hazard is conceived as more or less regular inundations along the major rivers. Extensive areas along both the Danube and its largest left-bank tributary, the Tisza, are highly exposed to riverine floods [1, 2] and, consequently, flood control has always been a central task of Hungarian water management policy [3, 4] . There are serious indications of climate change singnificantly * E-mail: loczyd@gamma.ttk.pte.hu affecting Central Europe [5] . The trends in the distribution of precipitation (lower amounts of summer rainfall and at the same time, increasing intensity of rainfall events) and the resulting rises in water stages (Table 1) call for a re-assessment of flood hazard in Hungary. It has been observed in several countries in Europe (for instance, in the United Kingdom [6] ) that in addition to major riverine inundations and design floods, the relative significance of other types of inundation (by excess water and due to flash floods) is growing. There is accumulating evidence pointing to the significance of inundations of non-riverine origin.
Objectives
This paper is meant to explain the origin of the three types of flood hazard and to assess their relative significance over the territory of Hungary in the light of human intervention and predicted climate change. In order to outline the approximate geographic distribution of flood hazard, each type is represented at the level of microregions on a map series.
Methods
This paper combines two approaches: firstly it relies on the interpretation of general statements and research findings on flood hazard (in publications mostly only available in Hungarian) and secondly it attempts to assess and map the extent of the various types of flood hazard using different methodologies, following recently formulated guidelines [7] :
• The spatial extent of inundation hazard along rivers is estimated from inundation models based on flood frequency and its temporal trend [8, 9] for the last two decades. Floods on trunk rivers often result in far-reaching effects (e.g. the backdamming of smaller tributaries). Consequently, their impacts are not shown as a line or a band on the map but instead the degree of hazard is projected as the total area of the microregion affected (even if only partially).
• Excess water hazard estimation by microregions is based on the maps of Imre Pálfai [10, 11] , which used inundation frequency information for the periods of 1961 and 1980. Recent inundation history is reconstructed from the GIS interpretation of remote sensing sources (see e.g. [12] ).
• Research on the conditions of flash floods has recently started. The methodology for survey and warning is now being elaborated [13] . In addition to the interpretation of meteorological time series and information from news sources, the survey of topographic and soil physical factors may be of relevance for the preliminary delineation of the areas potentially affected.
Riverine flood hazard: spatial and temporal aspects
The changing interpetations of overall flood hazard are clearly detectable in the various text-books on the geography of Hungary. Floods along the major rivers of the Carpathian Basin, the Danube, the Tisza and the Drava (generated by runoff from the mountain ranges encircling the steadily subsiding Hungarian plains), continue to be the most severe natural hazard threatening to inflict serious damage to property. Temporal and spatial features combine to produce a large-scale flood hazard.
In the most comprehensive and often cited text on the physical geography of Hungary [14] the origins of floods on the Danube are the following:
• the so-called "green floods" in March and April (carrying floating leaved twigs) are controlled by snowmelt on the Alpine catchment;
• the floods of May and June are due to prolonged convective rainfalls;
• ice-jam floods were theoretically possible in every second or third year, when contiguous floating ice covered the river (nowadays, however, ice cover is becoming less and less reliable on the Danube [15] );
• annual monthly water discharge shows a declining trend over the summer and reaches its minimum in October, then after a moderate rise in autumn another minimum follows in December, when the ground is frozen in the mountainous parts of the catchment. (The popular observation that most of the floods occur in the summer half-year is reflected in the Hungarian name of localizations: "summer dykes".)
More recently floods from snowmelt are particularly enhanced by the rain-on-snow phenomena (increasingly frequent in the Alps as a consequence of more extreme winter weather oscillations) [15, 16] . Further recent assessments [17] [18] [19] explain the increased hazard by the belated snowmelt in the Eastern Alps overlapping with early summer flood waves, which are increasingly prolonged and thus, present considerable pressure on flood-control dykes. Flood hazard along a major tributary, the Drava River [20, 21] is aggravated by
• snowmelt in the hilly Alpine foreland,
• followed by snowmelt in higher regions of the mountains (conveyed through the tributary Mura/Mur River),
• Mediterranean cyclones causing a secondary peak in October or November.
Generally, a more serious flood hazard is recorded in the catchment of the Tisza, a typical channelized river [22] [23] [24] . In contrast with the Danube, which has no significant tributaries along its Hungarian section,the flood pattern of the Tisza River is fundamentally influenced by a range of tributaries [25] . The peculiar features of floods along the Tisza are the following [25] :
• the passage rates of flood waves are highly variable on tributaries with different channel slopes and are more often superimposed on flood waves of the trunk river;
• consequently, prolonged flood waves increase dyke breach hazard;
• the Tisza impounds the flow of tributaries along dozens of kilometres and causes inundations along their lowermost sections;
• changes in the type and pattern of precipitation may result in floods even in winter time.
Riverine floods are usually conceived as flood waves passing along the whole lengths of major rivers. However, the extent of local inundation hazard varies with the geomorphology of individual floodplain segments [26, 27] . River channel instability arises from excessive meandering and channelization between too closely spaced dykes, hindering adjustment [28] [29] [30] [31] .
For the estimation of flood-prone area as well as for planning flood-control measures, it is essential to define the level of design flood. As this is also a political issue, in addition to water management authorities it has also been formulated in the Government Decree # 2006/1973 [32] :that benchmark flood is an ice-free river water level with a probability of occurrence characterized by a given return period [33] . The length of the return period is variable:
• along main flood control dykes: 100 years;
• in urban and industrial areas: 120-150 years;
• in priority areas (e.g. near the capital city): 1000 years and
• for less valuable protected areas: 60-80 years.
For instance, the level of the destructive 1954 ice-jam flood is regarded as the 100-year design flood for the Danube section between Esztergom and the southern border of Hungary [34] . Within the territory of Hungary (93 030 km 2 ), 21 248 km 2 (22.8 per cent) are endangered by the 100-year return period flood of major rivers, primarily the Tisza and the Danube [17] , while 23 per cent of this area is largely protected from inundation by the design flood. Another estimated 10 000 km 2 of floodplain lies along smaller watercourses (10 per cent) and their extension has not yet been properly surveyed. Since drainage density is a characteristic property of physical geographical units, flood hazard is presented in this paper for the microregions of Hungary (Figure 1 ).
Since the 1990s the floods ( Table 1) followed one another within "abnormally" short intervals, practically one major flood every year. This is an indication that riverine floods are still part of the natural hydrological system of the Carpathian Basin, motivated by several factors, both natural and anthropogenic (36):
• increasing flood discharges due to land use and climate changes in the upper catchments of major rivers;
• reduced capacity of floodways as a consequence of floodplain sedimentation and enhanced surface roughness [30, 34, [36] [37] [38] ;
• the impact of drought years in the 1990s and 2000s on the (sometimes rather neglected) conditions of flood-control-dykes.
Recent events prove that floods are not necessarily generated by runoff in the mountain phase of the Carpathian Basin.
In May 2010 prolonged excessive rainfalls (amounts locally exceeding 300 mm per month, i.e. threeor four-fold the monthly average amount), which affected most of the Carpathian Basin at the same time, led to critical situations along some medium-size and minor rivers (like the Kapos and tributaries in Southwest-Hungary and the Sajó, Zagyva and small streams in NortheastHungary with sources within Hungary). Property damage was caused by extensive housing and commercial developments on the 100-year floodplain, which were granted permission from environmental authorities during drier periods. In 2006 the Hungarian government passed legislation preventing housing, industrial and commercial development in so-called "high-water channel" areas (i.e. the channel which belongs to the design flood level or to the highest water level recorded to date [39] ), as well as restricting insurance and the state flood-control pledge for property in flood-prone areas. The new decree ensures the priority of flood control considerations in land use options.
Excess water hazard
Excess water had been traditionally associated with river flooding and perceived as the inundation remaining after flood waves on rivers passed. Recently, the definition of excess water [40] has been extended to include upbursting groundwater in the absence of a water-course. In a more practical approach, the main criterion of excess water inundation is that through surplus water inhibiting crop root growth on agricultural land and creating prolonged reductive conditions in the root zone, it causes economic damage in agriculture. Today excess water (also called sheet flooding) is rather widely interpreted in Hungarian water management. In addition to raised groundwater levels on the floodplains of major rivers during flood stages, any other inundation in lowland areas is included [41] . The commonly used definition of excess water originates from rainfall or snowmelt which covers any extensive but temporary inundation of lowland areas and fully saturates the soil. Whether soil saturation necessarily means surface inundation, remains an open question [42] . In recent decades, excess water hazard has been observed to increase dramatically [43] (Figure 2) . The construction of artificial structures in the landscape [44] and the neglected conditions of land drainage systems [45] all contribute to the higher frequency of inundation in particular areas of the Great Plain. Excess water generation is only partially related to high water stages along major rivers. In some cases it is the flood-control dykes themselves which hinder the flow of excess water back to the river channel [46] . Inundation hazard from excess water is more difficult to delimit both temporally and spatially than riverine flood hazard. Rapid snowmelt in spring and early summer and cyclonal rains are responsible for it. Although the average depth and duration of snow cover is on the decline, extreme values of such parameters often occur. The National Water Management Framework Plan [45] includes a map of areas threatened by excess water inundation. This map was later revised using topographic, geologi- cal, pedological, groundwater depth and land use data, as well as relying on the map of drainage ditch networks [47] .
(Based on the remote sensing interpretation of recent inundations, further revision is under way.) A simplified version of the excess water hazard map of Hungary (processed for Figure 2 ) identifies four categories:
• serious hazard, where inundations regularly recur in wet years;
• medium hazard, where one-time floodways,backswamps and swamps enclosed between alluvial fans are exposed to rising groundwater;
• moderate hazard, where natural levees in floodplains and lower sections of alluvial fans are occassionally affected;
• no hazard areas, where permeable surface deposits (sands) prevent enduring inundation.
The first three categories make up more than 2 million hectares in Hungary, i.e. one-third of the agricultural area. In some regions the built-up areas of settlements are also affected [48] . When evaluating excess water hazard individually for each of the microregions of Hungary, an overview hazard map can be drawn (Figure 3 ). Naturally, few microregions are threatened by excess water in their entirety but the map indicates microregions where significant portions are affected. [10] ). For 1 to 3 see Figure 1 . 4 = microregions with medium and locally serious hazard; 5 = predominantly medium hazard; 6 = predominantly moderate hazard locally with medium hazard.
7 June, 2010, extensive damage was caused not only to agriculture but also to transport (railway embankments) and tourism (partly because of the proliferation of mosquitoes). Public attention to excess water hazard has increased and this may lead to more resources being concentrated on the development of a warning and information system [49] .
Flash flood hazard
In a similar way, relatively recent events (highly restricted in area but causing disastrous floods in various parts of Hungary in the 1990s and 2000s - Figure 4 , Table 2 ) have given impetus to flash flood research [13, 49] . The aim of investigations is to parametrize a model (Flash Flood Inundation Prediction Model, FLIP) which is capable of rapid screening of the areal distribution of this hazard in Hungary. The idea is that passive ground conditions (relief, soil permeability, catchment geomorphology [50] ) are equally important in the generation of flash floods as the active triggering factor (intense and prolonged rainfall). In this approach it seems feasible to identify microregions where the interaction of environmental factors makes the occurrence of flash floods more probable than elsewhere. Although Table 2 lists several major cloudbursts for the lowland areas of Hungary, runoff conditions only generate flash floods in the hill and mountain regions. The reliability of the model depends on the resolution of input parameters, first of of which is the Digital Elevation Model. With accumulating evidence of climate change, flash floods have been recognized recently as an increasing environmental hazard in Hungary. In addition to being a highly localized phenomena, their seasonal distribution is also uneven. However, the summary map of this hazard indicates that virtually all mountainous and hilly microregions of Hungary are under threat ( Figure 5 ), only runoff conditions cause some variation in the distribution of this hazard. The developers of the model are convinced that with an increased set of parameters and a higher resolution DEM, the prediction of flash flood events can be improved [13] .
Flood control measures
Apart from raising dyke heights, the response to increased riverine flood hazard, particularly on the Tisza River, is envisioned in several ways [19] :
• through amending water retention in the headwater areas (outside the borders of Hungary);
• through enhancing the conveyance capacity of floodways;
• through river impoundment beyond dams;
• through constructing smaller emergency reservoirs (used as meadows or pastures in flood-free periods) along the trunk river and its major tributaries.
Emergency reservoirs represent a special category of confinement. Confinement planning aims for the prevention, restriction or (at least) delaying of the inundation of protected floodplain resulting from breaches of main defences [8] . Dynamic solutions for flood confinement are now being studied during the process of the supervision of plans [18, 51] . Along the Danube, the row of reservoirs of the Austrian river section and theČunovo reservoir in Slovakia are capable of reducing (but not eliminating) flood hazard in Hungary [2] . The legal opportunites to mitigate flood risk have already been mentioned. The prevention of damage from excess water inundation and flash floods is a rather complicated issue. The development of monitoring and warning systems seems to be the way to follow if we want to avoid or prepare for sudden disastrous events.
Conclusions
1. Steadily rising flood levels along the major rivers are due to interacting reasons:
• human activities on the catchment (deforestation, housing and infrastructure development, narrowing-down floodplains);
• impacts of climate change (inclination to drought but growing intensity and unpredictability of rainfall).
Further research on the flood hazard impacts of various human activities and of climate change is required.
2. When delimiting potentially inundated areas, in addition to river floodplains, hill valleys with flash flood hazard and lowlands with excess water hazard also need to be surveyed and monitored.
3. As in earlier historical ages, the adjustment of the population to inundation is required. Although, the maintenance of flood-control dyke systems and probably the establishment of emergency reservoirs can alleviate riverine flood hazard, it is practically impossible to avoid inundations from excess water or flash floods induced by local (convective or advective) cloudbursts, which may occur with an increased frequency in thefuture. Building and other land use regulations need to become stricter and should be enforced without allowing for any exception.
